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AntioxidantsIt is known from previous research that physical exercise prevents long-termmemory deﬁcits induced bymater-
nal deprivation in rats. But we could not assume similar effects of physical exercise on short-term memory, as
short- and long-term memories are known to result from some different memory consolidation processes.
Here we demonstrated that, in addition to long-term memory deﬁcit, the short-term memory deﬁcit resultant
from maternal deprivation in object recognition and aversive memory tasks is also prevented by physical exer-
cise. Additionally, one of the mechanisms by which the physical exercise inﬂuences the memory processes
involves its effects attenuating the oxidative damage in the maternal deprived rats' hippocampus and prefrontal
cortex.
© 2015 Elsevier Inc. All rights reserved.1. Introduction
Maternal deprivation (MD) is one of the most potent natural
stressors during neonatal development and can results in permanent
deﬁcits during adulthood [1,2]. At the same time, in humans, a signiﬁ-
cant trauma experienced during childhood is the primary cause of
increased stress and the subsequent emergence of mental disorders in
adulthood [3]. Animal studies have demonstrated thatMD results in be-
havioral changes that persist into adulthood [4–6], including increased
anxiety [7], personality disorders [8], schizophrenia, depression [9],
anhedonia [10], and memory deﬁcits [6].
The impact of MD during the neonatal period is certainly related to
the neural changes that occur during this period. For example, mostab, Federal University of Pampa,
Mello-Carpes).granular neurons of the hippocampus develop and extend their axons
between the 1st and 21st day of life [11]. During this period, the pups
undergo an anatomical consolidation of their nervous system along
with the continued proliferation and maturation of synapses [12]. The
behavioral alterations observed in adult rats that were submitted
to early-life stress could be related to alterations in gene expression
[4,8,13], a reduction in brain-derived neurotrophic factor expression
[14,15], an increase of corticosterone levels [16] and/or alterations in
oxidative balance [17].
Considering the changes that have been observed in the adult brains
ofMD rats, several studies have attempted to identify strategies to avoid
or decrease the behavioral deﬁcits related to MD. Physical exercise can
prevent the long-term memory deﬁcits caused by MD, but little is
known about the mechanisms involved in these this effect [18,19].
Because physical exercise has shown beneﬁcial effects in improving
oxidative balance [20], which is disrupted in the brains of MD rats
[17], we investigatedwhether the effects of aerobic exercise onmemory
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that physical exercise prevents memory deﬁcits on object recognition
and inhibitory avoidance task, including short-term memory deﬁcits
for which the beneﬁcial effects of physical exercise have not previously
been studied. Additionally, physical exercise attenuates the oxidative
damage induced by maternal deprivation in neural tissues.2. Materials and methods
2.1. Animals
Pregnant female Wistar rats were obtained from Central Vivarium
of Federal University of Santa Maria (RS/Brazil). All animals were
maintained on a constant 12 h light/12 h dark cycle (lights on at
7:00 h) at controlled room temperature (23 ± 2 °C) and air humidity
(60 ± 5%). Pregnant females were individually housed with sawdust
bedding and with food and water available ad libitum. The day of deliv-
ery was considered to be day zero. At postnatal day 1 (PND-1), the MD
protocol was initiated with half of the pups, which lasted until PND-10.
Animals were weaned at 21 days of age (PND-21) and were housed
5 per cage in regular cages. Only the males were used in the following
experiments. All experiments were conducted in accordance with the
principles of laboratory animal care (NIH publication no. 80-23, revised
1996) and were approved by the Institutional Animal Care and Use
Committee of the Local Institution (#001/2014).
The male rats were divided in four groups: (i) control, in which rats
were not submitted to any intervention; (ii) deprived, which includes
those rats submitted to MD as described below, without any additional
intervention; (iii) physical exercise, which includes rats that were
submitted to physical exercise as described below after PND-45; and
(iv) deprived with physical exercise, which includes those rats submit-
ted to MD from PND-1 until PND-10 and then submitted to physical
exercise from PND-45 onward (Fig. 1). Rats in all four groups were
submitted to the following behavioral tests starting at PND-100: open
ﬁeld; object recognition; inhibitory avoidance; tail ﬂick; and elevated
plus maze. After behavioral testing, the brains were isolated, and the
hippocampus and prefrontal cortex dissected for use in the biochemical
tests.Fig. 1. Experimental design. Animals were submitted to maternal deprivation from PND-1 unti
submitted to physical exercise lasting 8 weeks, from PND-45 on. In PND-100 the behavioral te2.2. Maternal deprivation (MD) protocol
Female Wistar rats were maintained in individual boxes until their
delivery day (considered to be day 0). Rats from groups (ii) and (iv)
were submitted to maternal deprivation (MD) for 3 h per day during
the light part of the cycle from PND-1 to PND-10. The MD protocol
consisted of removing the mother from the residence box to other
room. Pupsweremaintained in their home cage, andwhile themothers
were absent, the room temperature was increased to 32 °C to compen-
sate for the absence of the mother's body heat [1]. At the conclusion of
each daily deprivation session, the mothers were returned to their
home boxes.
The rats in groups (i) and (iii) remained in their resident boxes
together with their mothers during the ﬁrst ten days of life. Only on
PND-11 the boxes were cleaned normally again, according to the stan-
dard laboratory routine [21]. On PND-21, the animals were weaned,
and the males were maintained in groups of 5 in plastic boxes with
food and water available ad libitum, as with all the other animals in
our animal housing facility.
2.3. Physical exercise protocol
Rats from groups (iii) and (iv) were submitted to chronic aerobic
treadmill exercise during 8 weeks beginning on PND-45. One week
prior to starting the training, all animals were placed in the treadmill
for 10 min for habituation. On the ﬁrst day of the second and ﬁfth
week, an indirect VO2 maximum (peak oxygen uptake) test was
conducted on a motorized rodent treadmill. The indirect VO2 was used
to determine and adjust the exercise intensity during the training peri-
od. An indirect measurement of VO2 was determined as recommended
by Brooks and White [22]: each rat ran on the treadmill at a low initial
speed followed by speed increase of 5 m/min every 3 min, until they
reached their exhaustion point. The intensity of physical exercise
training (50 min/day; 5 day per week) was maintained between 50%
and 70% of their respective VO2 maximum for 8 weeks. Each training
session started with a 10-min gradual acceleration followed by 30 min
at the target intensity; the last 10 min of each session consisted of
a gradual deceleration [23]. The treadmill used had individual 10 cm
wide, 50 cm long lanes separated by plastic walls. No electric shockl PND-10 for 3 h per day (groups (ii) and (iv)). After, rats of the groups (iii) and (iv) were
sting were started, followed by biochemical tests.
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Control animals were transported to the experimental room and
handled exactly as those in the physical exercise groups; however,
they did not run on the treadmill.
2.4. Memory behavioral testing
2.4.1. Object recognition (OR) test
Recognition memory was evaluated through the object recognition
(OR) test using a 40 × 50 × 50 cm open arena as described previously
[24]. All animals were habituated to the experimental arena for
20 min/day for 4 days in the absence of any speciﬁc behavioral
stimulus. The objects used in the training and testing sessions were
made of metal or glass and were ﬁxed to arena's ﬂoor. On the ﬁrst day
after habituation, the animals were placed in the arena with two differ-
ent objects (named A and B) and were free to explore for 5 min (train-
ing session); the rats were tested 3 h later to evaluate short-term
memory (STM) and 24 h later to evaluate long-term memory (LTM).
In the tests, one of the objects was removed and replaced with a new
object (C or D) and the rat was introduced in the arena for ﬁveminutes.
The positions of the objects (familiar or novel) were randomly chosen
for each experimental animal, and the arena was always cleaned
between trials. Exploration was deﬁned as snifﬁng or touching the
objects with the nose and/or forepaws. The time spent exploring each
object was recorded by an observer blind to the treatment and was
expressed as a percentage of the total exploration time computed in
seconds [25].
2.4.2. Inhibitory avoidance (IA) test
To evaluate aversive memory, rats were trained in a one-trial step-
down inhibitory avoidance (IA) task using a 50 × 25 × 25 cm Plexiglas
box with a 5 cm high, 8 cm wide, and 25 cm long platform placed on
the left end of a series of conductive bronze bars that made up the
ﬂoor of the box. For training, rats were gently placed on the platform
facing the left rear corner of the training box. When they stepped
down and placed their four paws on the grid, a 2 s, 0.5 mA scrambled
foot shock was delivered. The tests were performed 3 h and 24 h after
training, to evaluate the STM and the LTM, respectively. During the
test, the rats were placed in the platform again, and the step-down
latency was measured. A ceiling of 300 s for the step-down time was
imposed [23].
2.5. Control behavioral tests
2.5.1. Open ﬁeld (OF) test
The OF apparatus consisted of a 40 × 50× 50 cmopen arena painted
white except for the frontalwall, whichwasmade of glass. Theﬂoorwas
divided into 12 equal rectangles by black lines; the crossing of the lines
was used to evaluate locomotion. The number of rearings performed by
each animal was used to evaluate exploratory activity [1]. The rats were
individually placed in the arena and observed for 5 min.
2.5.2. Elevated plus maze (EPM) test
To evaluate anxiety state, which could affect the results of memory
tests, rats were exposed to an EPM. The apparatus was located 60 cm
above the ground and presented two enclosed arms facing each other
and two open arms, each measuring 50 × 10 cm. The closed arms had
also side walls 20 cm high. The time spent and the total number of
entries into the open and closed arms were recorded over a 5 min
session [26].
2.5.3. Tail ﬂick (TF) test
To ensure that the pain sensibility was not change during the train-
ing period, we performed the tail-ﬂick test [27]. A metal rod that was
progressively heated was applied to the tip of the tail to induce pain,
and the reaction time (tail-ﬂick latency) was measured as the intervalbetween touching the metal to the tail on the metal and the voluntary
withdrawal of the tail.
2.5.4. Rota-rod (RR) test
TheRR testwas used to ensure that the physical exercise practice did
not result in impairments in the motor coordination, balance and mus-
cle strength. The apparatus consisted of a cylinder with a diameter of
3 in.; suspended 20 cm from the device surface, driven by a gear that
maintains a constant speed. The rat was placed on the cylinder and
the time until the ﬁrst fall, as well as the number of falls in a 300 s peri-
od, were measured. In the training session rotation speed was 16 rpm.
In the testing, rotation speed was set at 26 rpm.
2.6. Biochemical testing
2.6.1. Tissue preparation
Rats fromall groupswere euthanized 24 h after the conclusion of the
behavioral experiments. The brains were removed, and the bilateral
hippocampus and prefrontal cortices were quickly dissected out and
homogenized in 50mMTris HCl, pH 7.4, (1/5,w/v). Afterwards, samples
were centrifuged at 2400 g for 10 min, and the supernatants (S1) were
used for further analysis.
2.6.2. Glutathione (GSH)
GSH levels were ﬂuorometrically determined [28]. An aliquot of
homogenate was mixed (1:1) with perchloric acid (HClO4) and centri-
fuged at 3000 g for 10 min. After centrifugation, the protein pellet was
discarded and free-SH groups were identiﬁed in the clear supernatant.
An aliquot of supernatant was incubated with ortho-phthalaldehyde,
and ﬂuorescence was measured at excitation of 350 nm and emission
of 420 nm. The results were normalized to the mass of protein (in
mg) and expressed as a percent of the control.
2.6.3. Reactive oxygen species (ROS)
ROS content was assessed by a spectroﬂuorometric method using
2,7-dichloroﬂuorescein diacetate (DCFH-DA) as a probe [29]. The sam-
ple (S1) was incubated in the dark with 5 μL DCFH-DA (1 mM). The
oxidation of DCHF-DA to ﬂuorescent dichloroﬂuorescein (DCF) was
measured as a method of detecting intracellular ROS. The formation of
the oxidized ﬂuorescent derivative (DCF)wasmeasured by DCFﬂuores-
cence intensity recorded at 520 nm(480 nmexcitation) 30min after the
addition of DCFH-DA to the medium. The results were expressed as a
percentage of control in arbitrary units (AU).
2.6.4. Thiobarbituric acid reactive substance (TBARS) levels
Lipoperoxidation was evaluated by the TBARS test [30]. One aliquot
of S1 was incubated with a 0.8% thiobarbituric acid solution, acetic acid
buffer (pH 3.2) and sodiumdodecyl sulfate solution (8%) at 95 °C for 2 h,
and the color reaction was measured at 532 nm. The results were
expressed as nmol of malondialdehyde (MDA) per mg protein.
2.7. Statistical analysis
Data were checked for normality of distribution using the Shapiro–
Wilk test. The OR test results were expressed as the percentage of
total time spent exploring each object. The results were analyzed
using a one-sample Student t-test, considering a theoretical mean of
50%. The IA results were expressed as the platform step-down latency
in seconds and were analyzed using an intra-group Wilcoxon test to
compare training vs. test. The OF, EPM, TF and RR tests results were
analyzed using an ANOVA, and the biochemical results were compared
using two-way ANOVA using Bonferroni correction for multiple
comparisons. The differences were considered statistically signiﬁcant
when P b 0.05.
Fig. 2.Maternal deprivation causes short-term memory (STM) and long-term memory (LTM) deﬁcits in object recognition (OR). Physical exercise avoids these deﬁcits. A. The animals
were trained on OR task and tested 3 h later. In the training session the animals were exposed to objects A and B and explored about 50% of the total exploration time each one. In the
test session the rats were exposed to a familiar (A) and to a novel object (C). The MD group was not able to recognize the familiar and the new object in the test session, but the MD
rats submitted to physical exercise were. B. The animals were trained on OR task and tested 24 h after training. In the training session the animals were exposed to objects A and B
and explored about 50% of the total exploration time each one. In the test session the rats were exposed to a familiar (A) and to a novel object (D). The MD group could not differentiate
the new and the familiar object, but theMD rats submitted physical exercisewere. Data are expressed asmean± SD of the percent of total exploration time; *P b 0.05 in one-sample t-test,
considering a theoretical mean of 50%; n = 8–12 per group.
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3.1. Indirect maximal oxygen uptake
The treadmill running protocol enhanced physical aerobic capacity.
Exercise training resulted in a signiﬁcantly higher VO2 maximum in
the second measurement compared to start of the training (P b 0.05 in
Student's t-test, data not shown).3.2. Memory tests
3.2.1. Short- and long-term memory for object recognition
As expected, rats from all groups explored each of the objects (A and
B) for a similar percentage of the time (about 50%) during the training
session because both objects were novel (Fig. 2). Short-term memory
(STM) was impaired in the deprived animals, and physical exercise
ameliorated this memory deﬁcits. In the STM test, the percent of time
that control animals spent exploring the new object was signiﬁcantly
higher than 50% (P = 0.01), which indicates a preserved memory
(Fig. 2A, control). Deprived rats spent similar times (approximately
50% of the total exploration time) exploring the familiar and the new
objects (P = 0.13), which suggests a STM deﬁcit (Fig. 2A, Deprived).
Physical exercise improved STM of non-deprived rats (P b 0.01,
Fig. 2A, Exercised) and was able to ameliorate the memory deﬁcit
induced bymaternal deprivation, since deprived rats thatwere exposed
to physical exercise spent more than 50% of the total exploration time
exploring the new object (C) (P b 0.01, Fig. 2A, Dep + Exerc).Fig. 3.Maternal deprivation (MD) causes deﬁcits in short-term memory (STM) and long-term
avoided by physical exercise. A. Rats were trained in the IA task and STM was tested 3 h late
did not present increase in step-down latency, but MD rats submitted to physical exercise incr
showed a low step-down latency in the training. In the test, the MD group did not present incr
expressed as median ± interquartile interval of step-down latency; *P b 0.05 and **P b 0.01 onSimilar resultswere observed for LTM test for OR: LTMwas impaired
in the deprived animals, and physical exercise ameliorated the memory
deﬁcits. MD causesmemory deﬁcits (the rats spent a similar percentage
of time exploring the familiar and the new objects, A and D, respective-
ly; P=0.47, Fig. 2B, Deprived). Physical exercise was able to reverse the
LTM deﬁcit, as evidenced by the fact that the deprived and exercised
rats spent more than 50% of the total exploration time exploring the
new object (D) (P b 0.01, Fig. 2B, Dep + Exerc).
3.2.2. Short and long-term memory for aversive stimuli
Physical exercise reversed deﬁcits in STM and LTM aversive memo-
ry. Our IA results demonstrate that deprived rats show deﬁcits in STM
and LTM towards aversive stimuli because there was no increase in
the platform step-down latency of deprived ratswhen comparing train-
ing and test values (P = 0.86 for STM, Fig. 3A, Deprived; P = 0.32 for
LTM, Fig. 3B, Deprived). Rats from the other groups, including the
deprived and exercised group, increased their step-down latency,
(P b 0.001 for STM, Fig. 3A, Dep + Exerc; P b 0.002 for LTM, Fig. 3B,
Dep + Exerc).
3.3. Behavioral control tests
The protocols used (MD and physical exercise) did not affect
locomotor and exploratory activities, anxiety, pain sensibility or motor
coordination. There were no differences in the numbers of crossings
(P = 0.08) and rearings (P = 0.24) in the OF test (Table 1, open ﬁeld).
The total number of entries and the time spent in the open arms inaversive memory (LTM) measured by inhibitory avoidance (IA) task; these deﬁcits were
r. All animals showed a low step-down latency in the training. In the test, the MD group
eased their latencies. B. Rats were trained in IA and LTM was tested 24 h later. All animals
ease in step-down latency, but MD rats submitted to physical exercise presented. Data are
training vs. test, Wilcoxon test; n = 8–12 per group.
Table 1
Thematernal deprivation and the physical exercise do not alter locomotor and exploratory activities, anxiety, pain threshold, andmotor coordination. Data are expressed asmean± SD of
the number of crossings and rearings (open ﬁeld), the time spent and the number of entries in the open arms (plusmaze), the latency time to tail withdrawal (tail ﬂick), the latency to the
ﬁrst fall and the number of falls (Rota Rod). There were no differences between the groups (ANOVA; n = 8–10 per group for all tests).
Control behavioral tests Control Deprived Exercised Deprived and exercised
Open ﬁeld Crossings (n) 83.29 ± 5.99 61.00 ± 7.13 79.57 ± 4.75 62.57 ± 7.89
Rearings (n) 37.63 ± 4.47 30.80 ± 2.90 35.43 ± 4.48 27.82 ± 3.27
Elevated plus maze Time in open arms (s) 1.73 ± 1.58 2.14 ± 1.67 2.00 ± 0.88 1.00 ± 0.64
Entrances in open arms (n) 2.62 ± 1.32 1.50 ± 0.65 1.28 ± 0.99 1.27 ± 0.77
Tail ﬂick Latency to tail withdrawn (s) 5.57 ± 0.57 5.48 ± 0.42 6.41 ± 0.59 6.06 ± 0.36
Rota-rod Latency to the ﬁrst fall (s) 25.00 ± 10.82 24.00 ± 17.06 34.57 ± 16.54 34.55 ± 10.69
Falls (n) 0.25 ± 0.16 0.60 ± 0.22 0.28 ± 0.18 0.48 ± 0.35
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Table 1, elevated plus maze). The TF latency was also similar between
the different groups (P = 0.08, Table 1, tail ﬂick). In the RR test, there
were no differences in the number of falls (P= 0.06) and in the latency
for the ﬁrst fall (P = 0.11) (Table 1, Rota-rod).
3.4. Biochemical tests
Exercise plays a neuroprotective role against hippocampal lipid
peroxidation in deprived animals. There were no alterations in theFig. 4. Effects ofmaternal deprivation and physical exercise onGSH, ROS and lipid peroxidation i
percent of control. B. Levels of GSH in the prefrontal cortex, considering the percent of control C
in the prefrontal cortex measured by DCF ﬂuorescent intensity. E. TBARS levels measured by
expressed as mean ± SD; *P b 0.05 compared to control group; #P b 0.05 compared to depriveantioxidant marker GSH in the hippocampus between all of the groups
(P = 0.11 for MD effect; P = 0.09 for physical exercise effect; there are
no interaction between effects, P = 0.09; Fig. 4A). Additionally, no dif-
ferences were detected in hippocampal ROS (P = 0.49 for MD effect;
P = 0.31 for physical exercise effect; there are no interaction between
effects, P = 0.36; Fig. 4C). In our TBARS measurement, we found differ-
ences between groups (P = 0.03 for MD effect; P = 0.23 for physical
exercise effect; there are no interaction between effects, P = 0.17;
Fig. 4E). Therefore, in deprived rats compared to control rats, we detect-
ed an increase in hippocampal lipid peroxidation (TBARS) (P = 0.03).nhippocampus and prefrontal cortex. A. Levels ofGSH in thehippocampus, considering the
. Levels of ROS in the hippocampusmeasured by DCF ﬂuorescent intensity. D. Levels of ROS
MDA in hippocampus. F. TBARS levels measured by MDA in prefrontal cortex. Data are
d group; two-way ANOVA with Bonferroni post-hoc; n = 8–12 per group.
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rats (P = 0.62).
In prefrontal cortex biochemical analyses we observed similar
results. There were no differences between the groups in GSH levels
or ROS as measured by DCFH (GSH: P = 0.92 for MD effect; P = 0.09
for physical exercise effect; there are no interaction between effects,
P= 0.98; Fig. 4B; ROS: P= 0.62 for MD effect; P= 0.31 for physical ex-
ercise effect; there are no interaction between effects, P=0.59; Fig. 4D).
In TBARSmeasurement, we found differences between groups (P b 0.01
for MD effect; P = 0.93 for physical exercise effect; there are interac-
tions between the effects, P b 0.01; Fig. 4F). There was an increase on
lipoperoxidation in the prefrontal cortex in MD rats compared to
controls (P b 0.01, Fig. 4F), and the deprived and exercised rats showed
decreased MDA levels compared to the deprived group (P = 0.02,
Fig. 4F).
4. Discussion
Here, we demonstrate that physical exercise can ameliorate impair-
ments in STM and LTM (in object recognition and IA task) caused byMD
in rats. It is known that MD during early life is a potent stressor that
leads to psychopathologies during adulthood due to deleterious effects
on brain development [31–33]. Additionally, such alterations related
to mother–pup interactions can cause social and cognitive problems in
animals and humans [34–41].
MD is considered to be a useful model for studying of childhood
neglect and abuse [42]. Additionally, MD experimental models permit
the investigation of interventions with possible applications in humans
with the goal of avoids behavioral and neuroendocrine abnormalities
such as depression, anxiety disorders, and memory deﬁcits. From
these studies, we learned that pharmacological treatments [1,43,44],
environmental enrichment [45], and physical exercise [1,18,19,46]
could be possible strategies for reversing such deﬁcits. Speciﬁcally
regarding physical exercise, chronic aerobic exercise can prevent LTM
deﬁcits in different contexts [19]. However, our study is the ﬁrst to
address the effects of physical exercise on STM deﬁcits caused by MD.
We show that physical exercise can prevent MD-related STM and
LTM deﬁcits. Considering that STM and LTM consolidation involve
different neurobiological mechanisms [47] (for example, increased
protein and gene expression is present only in LTM consolidation)
[47], is important to know that physical exercise can have neuroprotec-
tive effects in STM and LTM consolidation in MD rats. However, the fact
that these different types ofmemory involve some distinct neurobiolog-
ical processes does not mean that the physiopathology of these deﬁcits
in MD rats does not involve a common cause, such as oxidative stress
[48,49], which is one factor that is present in the brain of MD rats [42,
50]. Additionally, it is likely that physical exercise affects memory
through more than one mechanism. Here, we investigated the involve-
ment of oxidative balance based on its role in the production of oxida-
tive stress in the brain of MD rats [51–53]. Furthermore, it has been
extensively shown that aerobic exercise improves brain oxidative status
and promotes neuroprotection [54–56].
We demonstrated that physical exercise prevents oxidative damage
(lipid peroxidation) in the hippocampus and prefrontal cortex.We spe-
ciﬁcally investigated the hippocampus and prefrontal cortex because
previous studies have reported an oxidativemisbalance in these regions
in the brains of MD rats [42,50]. Farther, the hippocampus is one of the
most important brain regions involved in memory processes [14,15],
and it is highly susceptible to oxidative damage [57,58]. The prefrontal
cortex, in turn, participates in numerous cognitive functions, including
working memory [59], and is also related to the hippocampus during
the processes of memory consolidation [60].
The oxidative damage observed in the brain of MD rats (increased
lipid peroxidation) may be related to several disruptions. One hypothe-
sis is related to dopaminergic system. It has been previously reported
that MD increases dopamine turnover in the mesolimbic region of thebrain [61] and induces dysfunction of the adult dopamine system [62]
in laboratory animals. Dopamine ismetabolized bymonoamineoxidase,
which produces hydrogen peroxide. Thus, the increased turnover of
dopamine produces oxidative stress derived from the increased produc-
tion of hydrogen peroxide. This generation of ROS could be a major
component in decreased cell function and eventual cell death [63].
Previous studies have shown that increased ROS production can be
induced by stress [64,65]. Unfortunately, the direct measurement of
ROSproduction in living cells is difﬁcult because they are highly reactive
and have a short half-life [66]. Yet, the ROS can initiate radical chain re-
actions in some biological molecules, resulting in lipid peroxidation,
which, in turn, can cause degeneration of membrane structure and
loss of membrane protein function [66]. In the case of MD, the main
event responsible for the oxidative imbalance occur in the ﬁrsts days
of life, and, in these report, the biochemical measurements were made
about 100 days after the end of the stressor event (MD). So, it is possible
that ROS formed had already stabilized by reacting with lipids, which
could explain the absence of increase in ROS, but the increase in oxida-
tive damage (lipid peroxidation) found by us. [42,53], based on our
ﬁndings of an increase in oxidative damage markers as demonstrated
by the increase of lipid peroxidation (TBARS). We did not observe a
change in the level of antioxidant enzyme, which is in agreement with
a recent report [42].
Therefore, our results show that physical exercise ameliorates STM
and LTM memory deﬁcits through the avoidance or reduction of lipid
peroxidation in the hippocampus and prefrontal cortex. However, we
cannot discount the diverse effects of physical exercise on the central
nervous system in this model of MD, including the suppression of apo-
ptotic neuronal cell death, the enhancement of cellular proliferation in
the hippocampus [18], the increase of synaptophysin and CaMKII in
the ventral hippocampus [67], and the possible inﬂuence on neurohu-
moral or hormonal memory modulatory systems related to stress [19].
All of these mechanisms should be the subjects of future research.
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